We demonstrate intra-and inter-board level optical interconnects using polymer waveguides and waveguide couplers consisting of both 45 degree total internal reflection (TIR) mirrors and inkjet-printed microlenses. Surface normal couplers consisting of 50 µm × 50 µm waveguides with embedded 45 degree mirrors are fabricated using a nickel mold imprint. Micro-lenses, 70 µm in diameter, are inkjet-printed on top of the mirrors. We characterize the optical transmission between waveguides located on different boards in terms of insertion loss, mirror coupling loss, and free space propagation loss as a function of interconnection distance in free space. Each mirror contributes 1.88 dB loss to the system, corresponding to 65% efficiency. The printed micro-lenses improve the transmission by 2-4 dB (per coupler). Data transmission at 10 Gbps reveals that inter-board interconnects has a bit error rate (BER) of 1.1 × 10 −10 and 6.2 × 10 −13 without and with the micro-lenses, respectively. 
Introduction
The increasing clock speed in current high performance computing system imposes an increasing demand on data transfer rates with increasingly stringent requirements for latency and power consumption per bit [1] . The current copper based electrical interconnects face serious challenges to meet such demands [2, 3] . Optical communication systems are emerging as alternative approaches at several levels including chip-to-chip [4] [5] [6] , intra-board [7, 8] , board-to-board [9] [10] [11] [12] , card-to-backplane [13, 14] and rack-to-rack interconnects [15, 16] . Optical interconnects consisting of arrays of Vertical Cavity Surface-Emitting Lasers (VCSELs) and Photo-detectors (PDs) have been shown to be superior to copper based electrical interconnects in terms of cost, power, and bandwidth [17, 18] .
Parallel data transmission through optical means between boards has been demonstrated with complex packaging involving discrete micro and macro lenses and stage-alignment tools [19, 20] . Free-space optical interconnects between VCSELs and PDs placed on separate boards have been demonstrated in which fixed integrated micro-lens arrays [21, 22] or MEMS controlled lens arrays were used to lower optical loss by reducing the beam divergence [23] [24] [25] [26] [27] . In this paper, intra-board and inter-board optical interconnects are demonstrated. Intra-board interconnects are realized using 50 µm × 50 µm polymer waveguide. Inter-board coupling scheme is realized by 45 degree mirrors and integrated inkjet-printed micro-lenses. It provides free-space optical interconnects between waveguides located on different boards. The 45 degree mirrors, which are fabricated through a 3D molding technique, enable vertical coupling of guided-wave with high efficiency. Inkjet-printed micro-lenses are shown to significantly decrease the divergence and increase the quality of collimation of the vertical beam.
45 degree mirror couplers were previously used for integrating VCSELs and PDs in one of PCB board layers by Choi [28] , Liu [29] , Schares [30] and Wang [31] . 6.0 dB (0.5 mm transmission line) and 6.4 dB (80 mm waveguide) coupling losses, including two 45 degree mirrors, respectively were reported by Chen [32] and Van Hoe [33] . More recently, Jiang [34] and Inoue [35] reported 1.74 dB and 2.3 dB coupling loss, respectively for one 45 degree mirror. Chang etc [36] . reported insertion loss through two mirrors, over 0.5mm distance in bulk silicon and waveguide to be 8.0 dB. The lowest loss was reported in ref [37] , where a mechanical saw with a 90-deg V-shaped diamond blade was used to make 45 degree mirror with 0.5 dB loss. Besides, some researchers utilized precisely positioned external coupling module [12] or external lens to maximize the coupling efficiency [38, 39] . However, such external components usually have large footprint and are not suitable for system integration. In this work, we fabricate embedded total internal reflection (TIR) mirrors in a single-step molding process using nickel mold. Similar process has been reported by Wang [40] , but using silicon mold. Nickel molds are advantageous over silicon mold because they can be formed by electroplating method to reach 50µm height while etching silicon to the same depth is rather challenging. The embedded mirrors together with the inkjet-printed microlenses on top serve as proximity couplers for board-to-board free-space optical interconnects between two molded waveguides on separate boards. A schematic of the presented board-toboard optical communication scheme is shown in Fig. 1 . The VCSEL and PD can be controlled by signals transmitted through vias from the electric layer onto the other side of the board. The boards are positioned back-to-back to enable the data transfer via the optical couplers. This technique can be used to couple light between waveguides, i.e, light from a VCSEL into an input waveguide, or light from an output waveguide into a PD, as shown in Fig. 1 . We investigate the optical transmission quality in setups using two mirrors and four mirrors in the optical path. Losses as a function of different board-to-board separations are also measured. In order to investigate the effects of inkjet-printed micro-lens, insertion losses with and without the micro-lenses are compared.
Mirror coupler fabrication process
We fabricate polymer waveguides with embedded 45 degree mirrors using molding method on a flexible substrate and attach it to the silicon chip. The fabrication is composed of four main steps as illustrated in 
SU8 pre-mold fabrication
The 1st step (step a) is making SU8 pre-mold with 45 degree mirrors on both sides. The premold is used as a template for the nickel hard mold and its fabrication quality is of great importance for all the following steps. First, a thin layer of 5 nm/50 nm Ti/Au layer is coated by evaporation and serves as a seed layer for electroplating nickel performed in step b as shown in Fig. 2 . Following this, a 50 µm thick SU-8 layer is deposited on the seed layer and patterned by immersed tilted exposure to form the 45° slants. The detailed description can be found in [41] .
Nickel hard mold electroplating
In this step nickel is electroplated on the SU8 template. Compared to the evaporation/lift-off methods, electroplating is featured by its high deposition rate, and makes it possible to deposit 50µm in less than 7 hours. We use a Ni electroplating kit that is commercially available from Caswell Inc. The pre-buried Ti/Au layer serves as the seed layer for electroplating. In order to achieve the required adhesion between the seed layer and the nickel layer, the electro-plating current density is initially kept low at 1 mA/cm 2 for 5 minutes. Then, the current density is raised to 10 mA/cm 2 to achieve a deposition rate of 120 nm/min. At the end, a low current density 1 mA/cm 2 is applied for 5 minutes to improve film quality. Next, the SU-8 resist is removed by Remover PG to release the nickel mold. The cross linked SU-8 resist is hard to be removed by any solvent therefore, it is important to have a release layer underneath the SU-8 layer, for example Omnicoat, to help peel off the cross linked SU-8 completely.
Imprinting the channel on the bottom cladding
A 200μm thick flexible TEONEX thin film (from DuPont Teijin Films Inc.) serves as the substrate. The bottom cladding material WIR30-450 (n = 1.45@850 nm) is spin-coated on the substrate together with an adhesion promoter in-between, followed by Ultraviolet (UV) light curing. To ensure the mold can be effectively detached from the substrate during the molding process, AZ5209 photo resist is spin-coated on nickel hard mold as the release layer. At the same time, this release layer also helps reducing the surface roughness of mold. Atomic force microscopy (AFM) is used to evaluate the surface condition as shown in Fig. 3(a) . The scan results reveal that the surface roughness of the mold is reduced from 70nm [ Fig. 3(b) ] to 2~3nm [ Fig. 3(c) ] by resist coating. After molding, the polymer is UV cured. Next, the demolding process is completed in acetone, which dissolves the photo resist in-between the mold and device. The molded surface roughness is less than 5nm as reported before [42] . 
Waveguide layer and embedded mirror formation
The molded bottom cladding layer is mounted on the evaporation chamber and 200 nm of gold is coated onto the slope region using a shadow mask. Gold coating helps to enhance the reflectivity of the mirror, which in turn increases the coupling efficiency. The imprinted trenches are filled with the core material WIR30-470 (n = 1.47@850 nm). Next, the core material is UV cured for 12 min followed by coating of the top cladding.
Micro-Lens fabrication process
In the present experiment, the optical signal receiving area is about the same size as the output end. Therefore, the light collected is very limited due to divergence and separation between two boards. Inserting a micro-lens in the optical path helps in reducing the divergent angle of output light from the 45 degree mirrors so that more signal can be collected. The micro-lenses have been fabricated based on photoresist melt-and-reflow technique [6, 39] . In this work, the micro-lenses are directly ink-jet printed over the 45 degree mirrors, similar to the method reported in [43] . In our experiment, we use diluted glycerol (glycerol:BPS = 3:7 by volume) to form the micro-lens with index of 1.46556 at 850 nm wavelength. The ink-jet printer used in this work is a Fujifilm Dimatix Materials Printer (DMP-2800). It utilizes a piezoelectric printing cartridge (DMC-11610), which dispenses a nominal volume of 10pL each cycle for one nozzle. By specifying the desired printing position, the micro-lens can be placed above the targeted 45 mirror coupler with good accuracy. Figure 4 (a) and Fig. 4(b) show the top view of the mirror before and after inkjet-printing the micro-lens. A contact angle goniometer is used to take the profile of the droplet, as shown in Fig. 4(c) . The lens profile, which determines the focal length, can be adjusted by varying the viscosity of the printed material or surface properties of the substrate. Also, UV curable material can be adopted and cured to permanently fix the shape of the micro-lens [43] . Different focal lengths have been reported, for example, 48 µm [44] , 55-153 µm [45] , a few hundred microns [23, [46] [47] [48] , or in millimeter range [9] , with different materials and lens profiles. Currently, the printed droplets in this work are 70µm in diameter with 100-150 µm focal lengths estimated using the relations in [49] . The focal length can be controlled by the combination of surface properties, material viscosity and ink volumes. We are still investigating the effects of different refractive index, size, curvature and contact angle of the inkjet-printed lenses. By fine tuning the lens profile, optimized focal length can be achieved to make sure that light collected at the receiving end is maximized. 
Optical Loss evaluation

Testing setup
Schematics of the board-to-board interconnect using the 45 degree mirrors are shown in Fig.  5 . In the first experimental setup, shown in Fig. 5(a) , a VCSEL (850 nm) is coupled to a 4.5 cm polymer intra-board channel waveguide through a 45 degree mirror. Another 45 degree mirror is used to couple light out of the waveguide. A PD placed on a separate board converts the optical signal into an electrical signal. In the second experiment setup, shown in Fig. 5(b) , two identical waveguides (each 4.5 cm long) on separate boards with adjustable separation d are used to couple light from a VCSEL on one board to a PD on the other board through using four 45 degree mirrors. We also compare cases with and without micro-lenses. Figure 5 also shows the visible light spot at the output end of 1st board and 2nd board in the second experimental setup during the pre-alignment step. Figure 6 shows the variation of the measured optical power from the PD for 850nm wavelength as a function of the separation between the boards. The total optical loss is composed of the free space propagation loss and the insertion loss, which is determined by the coupling method and the propagation loss of the polymer waveguide. It can be seen from Fig. 6(a) , for d = 0 (where the free space propagation loss is zero), that the measured insertion loss (without a micro-lens) is 4.586 dB. We have measured the propagation loss and scattering loss for the WIR polymer waveguides fabricated using molding method, and the loss was found to be 0.18dB/cm [41] . Therefore, each 45 mirror coupler contributes 1.888 dB loss to the optical path total loss, which corresponds to 64.86% coupling efficiency. Due to the divergence of the light coupled out of the waveguide by the 45 degree mirror, the total optical loss increases with increasing d. The divergence angle of the out-coupled beam can be reduced when a micro-lens is inserted in the optical path. Figure 6 shows 1.5 dB improvement at shorter separation (1-2 mm) and 3.7 dB improvement at larger separation (4 mm).
Optical loss evaluation
Furthermore, the free space coupling loss due to the beam divergence can also be extracted from the total insertion loss, as shown in Fig. 6(b) . For comparison, the loss versus distance result from a previous report that utilized relatively larger lenses (240 um in diameter) mounted on both the output and input ends [9] is also plotted. The minimum loss on the results from [9] occurs at a free space propagation distance corresponding to the confocal length of the two lens system.
For the second experiment, the total insertion loss in 12 dB at d = 1 mm. The difference between the total insertion loss values from the two experiments remains about 4.4~4.8 dB (average = 4.528 dB) regardless of d as long as it is within 3mm. By subtracting the propagation loss (0.18 dB/cm) from all the waveguides in the second experiment, we estimate the coupling efficiency of each of the extra 45 degree mirrors in the second experiment to be 65.22%, which is very similar to the mirror coupling efficiency of the 1st board. Since the two channels are molded with the same nickel hard mold, it further confirms the process stability for such molding fabrication process. 
High speed communication
Beside loss evaluation, we also conducted high-speed test on the samples using the setup shown in Fig. 5(a) . Light from VCSEL is directly modulated at RF frequencies ranging from 1GHz to10GHz with random signal level of ± 0.3V using Agilent ParBERT 81250 system. The separation between the input and the output boards is varied as before. The Q factors measured at d = 0, d = 1 mm and d = 2 mm, with and without the inkjet-printed micro-lens, as shown in Fig. 7(a) . The corresponding Bit Error Rate (BER) data is shown in Fig. 7(b) . The Q factor decreased quickly for d = 2 mm, indicating a high loss and large divergence of the beam in free space. In modern optical networks, data communication with a BER<10 −9 is considered "error-free" [50, 51] . Without a micro-lens, at d = 2 mm separation case, only data rate below 3 Gbps can be transmitted error-free. On the other hand, micro-lenses increase the error-free data transmission to 7 Gbps. The eye diagrams at selected points are shown in Fig.  8 , which show the improvement of the signal quality by the micro-lens.
It should be noted that using precisely positioned external lenses [38, 39] can help realize large separation coupling. However the results from Fig. 6 show the integrated ink-jet printed micro-lens can be used as part of the proximity coupler for efficient transmission over short distances (<3mm). 
Conclusions
We presented intra-and inter-board optical interconnects using 45 degree mirror couplers and inkjet-printed micro-lens. The molding method using a low-cost electroplating technique was described and applied for optical layer fabrication. Micro-lenses (70 µm in diameter) were fabricated using an inkjet-printer. Each 45 degree mirror was shown to contribute about 1.88 dB loss (65% in coupling efficiency) to the total optical loss. The molded intra-board polymer waveguides gave 0.18 dB/cm loss. When propagating in free space without a lens, 2 mm separation resulted 9.9 dB loss, which was reduced to 7.5 dB when a micro-lens was inserted in the path using inkjet printing. At this separation, the maximum error free data rate (BER<10 −9 ) was measured to be 3.5Gbps and 7.5Gbps, with and without the micro-lens, respectively. At 10Gbps with micro-lens presented, 1mm and 2mm separation yielded BERs of 6.2 × 10 −13 and 3.9 × 10 −7 , respectively. We expect that reducing the surface roughness and angle variation of the 45 degree mirror will further improve the coupling efficiency. Also printing micro-lenses on both the input 45 degree mirror and the PD or the receiving 45 degree mirror in a confocal setup will significantly reduce the free-space propagation loss. Furthermore, the profile control of ink-jet printed micro-lens needs to be optimized in order to further increase the coupling efficiency. To achieve an optimized lens profile, lens material properties and substrate surface energy should be carefully studied. To the best of our knowledge, this is the first report of free-space coupling between waveguides on separate boards.
